The time-course of phosphorus (P) accumulation in the phytic acid fraction of developing soybean (Glycine max [L.] Merr. cv 'Williams 79') seeds as well as the relation of phytic acid P to total P content were determined. Phytic acid was detected early in embryogenesis in fieldgrown soybeans and accumulated in a linear fashion throughout most of seed development. Although the observed rates of accumulation ranged from 18.7 micrograms phytic acid P per seed per day in pods positioned low on the plant to 33.6 micrograms in pods positioned high on the plant, the final concentrations were the same in all cases. Nearly all of the P translocated to developing seeds was incorporated into phytic acid from the third week after flowering until physiological maturity, with the sum of nonphytic acid P compounds remaining constant. Phytic acid accumulation was also linear throughout development when soybean plants were grown in solutions having nutrient P levels that ranged from severely limiting (2.0 milligrams P per liter) to excess (50 milligrams P per liter). However, there was a pronounced effect on rate of accumulation, which ranged from 7.2 micrograms phytic acid per seed per day with limiting nutrient P to 44.7 micrograms with excess P. The change in level of phytic acid accounted for most of the alteration in total seed P that was caused by altering the P status of the plants. These results support the view that phytic acid synthesis is involved in P homeostasis of the developing soybean seed.
Phytic acid is the storage form of phosphorus (P) in seeds (1, 5) and is considered an antinutrient by animal nutritionists because it reduces the bioavailability of trace elements such as zinc when grains are eaten by humans and nonruminant animals (8) . The nutritional problem is especially serious with legume crops such as soybeans, because the phytic acid remains tightly bound to reserve proteins during standard processing procedures (8) . Seed from soybean plants grown in the field contained 1.4 to 2.3% phytic acid, depending on the cultivar, and this compound accounted for 67 to 78% of total P in the mature seed (13) . Phytic acid content was reduced to approximately 0.5% when plants were grown in nutrient solution having a low level of P (12) . Seeds having only 0.5% phytic acid germinated well, and early seedling growth in sand that lacked nutrients was nearly as vigorous as that of controls having 1. (14) . Hence, accumulation of excess reserve P appears to have accompanied the domestication of this species and the breeding of modem soybean varieties. The studies cited above all dealt with mature soybean seeds, and no published information is available concerning the normal pattern of phytic acid accumulation during seed development or the effect of reduced P availability on this pattern. The present study was designed to fill this gap in our knowledge. Such information is needed as a prelude to studying the biochemical events that regulate phytic acid accumulation. soybeans, the following procedures were used to obtain seed samples of carefully defined maturation. On the day they opened, flowers were tagged at three positions on the main stem. Flowers on nodes 9 to 11 were tagged on July 21, those on nodes 14 to 16 were tagged July 28, and those on nodes 20 to 22 were tagged August 4. Nodes were numbered as described by Fehr et al. (7) . Sections of rows 2 m in length were selected at random, and large samples of pods were harvested at weekly intervals beginning 14 Analytical Methods. A sample ofthe largest seeds was selected from each batch of immature seeds and was lyophilized. Dry weights were recorded, and the samples were ground in liquid N2 with a mortar and pestle. Mature dry seeds were dried at 60°C
MATERIALS AND METHODS
for 72 h in a forced air oven, dry weights were recorded, and the seeds were ground in a Wiley mill equipped with a 20-mesh screen. Total P and Pi were determined as previously described (12, 13) . For routine analyses of phytic acid, dry flour was extracted in 0.4 M HCI that contained 0.7 M Na2SO4, phytic acid was precipitated as the ferric salt, and the P content of the ferric phytate precipitate was determined following acid hydrolysis (12) . Phytic acid is expressed in terms ofits P content throughout this paper. Phytic acid content may be calculated by multiplying the P value by 3.548, the ratio of the molecular weights of phytic acid and its phosphorus content.
For anion-exchange chromatography, dry flour was extracted with 0.4 M HCI, and the extract was clarified by centrifugation and filtration. A sample of the supernatant fluid was diluted with five volumes of glass-distilled H20 and passed through a 0.7 x 13 cm column containing 5 ml of Dowex 1-X8 (formate) resin (pH 5.2). The column was eluted at 1 ml min-' with a linear gradient of ammonium formate (pH 7.0) (0.24-1.0 M) to a total of 400 ml, and 5 ml fractions were collected. The concentration of ammonium formate in every fifth fraction was estimated with a model 31 conductivity bridge from the Yellow Springs Instrument Co. Total P and Pi were determined on a portion of each fraction as previously described (12) . Paper electrophoretic analyses of 0.4 M HCI extracts or pooled fractions collected during anion exchange chromatography were done as described earlier (12) .
Effects of Nutrient P Treatments on the Rate of Phytic Acid Accumulation. 'Williams 79' soybeans were grown in sand and given nutrient solution as described previously (12) . Three replications at each of four levels of nutrient P (2, 10, 22.4, and 50 mg P L-') were prepared, each replication being one pot. Seeds were planted on May 26, 1982, and pots were thinned to three plants per pot following emergence. On July 28, three adjacent nodes having newly opened flowers were tagged on each plant. These ranged from nodes 9 to 11 on plants given the lowest level of nutrient P to nodes 13 to 15 for plants given the highest level of nutrient P. Seeds were harvested at weekly intervals from August 25 to September 22 and at maturity as follows. One pod was selected at random from a tagged node on each of the three plants in a pot. Seeds were immediately removed from the three pods, combined to make one sample, and freeze-dried except for mature dry seeds which were dried at 600 C in a forced air oven. Dry weight was recorded, and phytic acid and total P were determined as before.
RESULTS
The time course for phytic acid accumulation in field grown soybean seeds is given in Figure 1 . Values for total P and P, are given also, and phytic acid is represented by its P content for ease of comparison with these other fractions. Trace levels of phytic acid were detected at 14 d after flowering. There was a continuous and approximately linear increase in phytic acid content per seed from 21 d after flowering until maturity and a parallel increase in total P (Fig. 1, left side) . Hence, from 21 d to maturity there was little or no change in the sum of the other Pcontaining fractions (cross-hatched areas of left side of Fig. 1 ). The final phytic acid content was also about the same in all samples of mature seeds (0.7 mg phytate P seed-', Fig. 1 (Fig. 2) .
The concentration of P-containing compounds other than phytic acid was high at 14 d and dropped as the seeds developed (Fig. 1, right side) . Pi dropped to a low level as phytic acid accumulation began and was especially high (5.8 mg g-') in 14 d immature seeds from the lower part of the plant (nodes 9-1 1). By figure. To illu'strate the changin concentrations of these compounds during development, the same data were expressed as mg P g-' dry weight on the right side of figure. Regression analyses of the data are given in Table I . Anion-exchange chromatography (Fig. 3) . was used to confirm the presence of trace levels of phytic acid in 14 d seeds, and to establish whether partially phosphorylated inositols were present at significant levels during seed development. The standard precipitation procedure gave 0.73 ,ug phytic acid P seed-' using an extract prepared from seeds harvested at 14 d after flowering (seed dry weight being 1.5 mg seed-'), and 0.82 ,g seed-' was observed when P was determined on a phytic acid fraction obtained by column chromatography (Fig. 3, top) ' Williams 79' seeds were harvested from nodes 9 to 11 of the main stem at the indicated maturity stages and chromatographed as described in "Materials and Methods." The linear increase in conductivity is due to the ammonium formate gradient, and conductivity values are listed for various peak fractions. For seeds harvested at 14 d. 35 d and maturity, the columns were loaded with extract from 250, 500, and 80 mg of dry tissue, respectively. The standard column was loaded with myo-inositol-2-P and phytic acid equivalent to 56 and 125 ,ug of P, respectively. that eluted near the beginning with 14 d extracts was composed almost entirely of Pi (Fig. 3) . Identity of the peaks in these plant extracts was further confirmed by paper electrophoresis at pH 1.5 of column effluents that had first been pooled and concentrated. In every case a spot that corresponded to authentic phytic acid was seen on the tracks where plant extract was placed.
Effects of Nutrient P Treatments on the Rate of Phytic Acid Accumulation. The rate of phytic acid accumulation was linear with time in seeds developing on plants grown with varying levels of nutrient P, and the rate increased with each increase of P in the nutrient solution ( Fig. 4; Table I ). Also, the duration ofphytic acid accumulation was shortened as nutrient P was increased above 10 mg L', and this reduction was apparently due to earlier seed maturation as evidenced by an earlier cessation in growth (Fig. 4) . As in the studies conducted in the field, the sum of Table   I. nonphytic acid P compounds remained relatively constant during development irrespective of the level of nutrient P (data not shown).
DISCUSSION
The results reveal two distinct phases of P metabolism in developing soybean seeds. The period of cell division and growth during the first 3 weeks after pollination is devoted to synthesis of the P compounds needed for these processes (nucleic acids, membrane phospholipids, etc.), and only a trace of reserve P (phytic acid) is seen. Then phytic acid accumulation begins, and the accumulation rate of the other P compounds declines to negligible amounts during a brief transition period. Thereafter, a steady rate of phytic acid accumulation is maintained until very late in seed maturation. A similar two-phase pattern has also been observed in developing seeds of maize (6) . Contrasting patterns ofphytic acid accumulation were reported in two studies of Phaseolus vulgaris seeds (10. 18) , with accumulation mainly during the first one-third of development (10) The lack of significant accumulation of any myo-inositol polyphosphates others than phytate, observed here for developing soybean seeds, agrees with reports for rice (1, 15) . The work with rice resulted in a proposed biosynthetic model (1) (1, 11) . Hence, altered rates ofphytate accumulation in the face ofaltered P translocation appear to play an important role in P homeostasis of developing seeds as was proposed earlier for potato tubers (16) . The phytate biosynthetic enzyme(s) is active during a long period in the development of soybean seeds, and further studies are needed to determine its characteristics and to learn whether observed alterations in rates of phytate accumulation are due to altered enzyme level or altered activity.
